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The generation of mice lacking specific components of
the transforming growth factor-p (TGF-p) signal tran-
duction pathway shows that TGF- is a key player in
the development and physiology of the cardiovascular
system. Both pro- and anti-angiogenic properties have
been ascribed to TGF-B, for which the molecular
mechanisms are unclear. Here we report that TGF-$3
can activate two distinct type I receptor/Smad signal-
ling pathways with opposite effects. TGF-f induces
phosphorylation of Smad1/5 and Smad?2 in endothelial
cells and these effects can be blocked upon selective
inhibition of ALK1 or ALKS expression, respectively.
Whereas the TGF-B/ALKS pathway leads to inhib-
ition of cell migration and proliferation, the TGF-f/
ALK1 pathway induces endothelial cell migration and
proliferation. We identified genes that are induced
specifically by TGF-B-mediated ALK1 or ALKS acti-
vation. Id1 was found to mediate the TGF-B/ALK1-
induced (and Smad-dependent) migration, while
induction of plasminogen activator inhibitor-1 by acti-
vated ALKS may contribute to the TGF-B-induced
maturation of blood vessels. Our results suggest that
TGF-P regulates the activation state of the endothe-
lium via a fine balance between ALKS and ALK1 sig-
nalling.
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Introduction

Angiogenesis encompasses an activation and resolution
phase. In the activation phase, increased vascular per-
meability and basement membrane degradation allows
endothelial cells (ECs) to proliferate and migrate into the
extracellular space and form new capillary sprouts. In the
resolution phase, ECs cease proliferation and migration,
reconstitute the basement membrane and promote vessel
maturation. Mesenchymal cells are recruited and subse-
quently differentiate into pericytes and smooth muscle
cells surrounding the newly formed vessel. The transition
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from the resolution to activation phase and vice versa is
determined by an intricately regulated balance between
inducers and inhibitors (Folkman and D’Amore, 1996;
Risau et al., 1997; Carmeliet et al., 2000).

Transforming growth factor-B (TGF-B) is thought to
play a pivotal role during vascular remodelling and the
resolution phase of angiogenesis and is generally regarded
as an inhibitor of angiogenesis (Pepper, 1997). Under most
culture conditions, TGF-B inhibits the proliferation and
migration of ECs, stimulates extracellular matrix (ECM)
accumulation and stimulates the differentiation of me-
senchymal cells into pericytes and smooth muscle cells
(Sawdey et al., 1989; Madri et al., 1992; Hirschi et al.,
1998). However, stimulatory effects of TGF-3 have also
been reported on angiogenesis in vivo (Roberts et al.,
1986; Yang and Moses, 1990; Koh et al., 1995; Fajardo
et al., 1996; Ananth et al., 1999) and ECs in vitro (Plouet
and Gospodarowicz, 1989; Madri et al., 1992; Gajdusek
et al., 1993; Truela-Arispe and Sage, 1993; Pepper et al.,
1993; Vernon and Sage, 1999). The mechanisms by which
TGF-B acts as inhibitor or promoter for blood vessel
formation are not understood.

TGF-B regulates cellular processes by binding to a
heteromeric complex of type I and type II serine/threonine
kinase receptors (Massagué, 1998). The type I receptor,
also known as activin receptor-like kinase (ALK), acts
downstream of the type II receptor and propagates the
signal to the nucleus by phosphorylating specific members
of the Smad family, receptor-regulated (R)-Smads, at their
extreme C-terminal serine residues. Phosphorylated
R-Smads form complexes with the common partner
(Co)-Smad, i.e. Smad4, which accumulate in the nucleus
where they participate in transcriptional regulation of
target genes (Derynck et al., 1998).

In most cell types, TGF- signals via TBRI, also known
as ALKS. ECs also express ALK, in addition to ALKS.
Both type I receptors have been shown to bind TGF-f in
transfected COS cells (Attisano et al., 1993; ten Dijke
et al., 1994) and more recently in non-transfected ECs (Oh
et al., 2000). Interestingly, while activated ALKS induces
the phosphorylation of Smad2 and Smad3, activated
ALKI has been shown to induce the phosphorylation of
Smadl and Smad5 in transfected COS cells (Chen and
Massagué, 1999; Oh ef al., 2000). Gene ablation studies in
mice have revealed the importance of TPRII, ALKI,
ALKS and Smad5 in angiogenesis (Goumans and
Mummery, 2000), and a human vascular disorder heredi-
tary haemorrhagic telengiectasia (HHT), has been linked
to mutations in ALKI and endoglin, an endothelial
accessory TGF-B receptor (McAllister et al., 1994,
Johnson et al., 1996).

To gain more insight into the molecular mechanisms by
which TGF-f regulates EC function, we investigated the
contribution of ALK1 and ALK5 to TGF-B signalling in
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Fig. 1. TGF-B induces the phosphorylation of Smad2 and Smad5 in ECs. (A) TGF-B-induced Smad2 and Smad5 phosphorylation in ECs. MEECs
were stimulated with 5 ng/ml TGF-B3 or 50 ng/ml BMP6 for 60 min at 37°C before lysis. Whole-cell extracts were fractionated by 6% SDS-PAGE
and blotted. The filters were incubated with PSmad2, which specifically recognizes phosphorylated Smad2, PSmadl, which specifically recognizes
phosphorylated Smad1/5, and Smad2 and Smad5 antibodies, in the absence or presence of blocking peptide to which the antibody was raised.
(B) MEECs were labelled with [*?PJorthophosphate and treated or not with 10 ng/ml TGF-B3. Cell lysates were immunoprecipitated with anti-Smad5
antibody and separated by SDS-PAGE followed by autoradiography. Cell lysates that had been labelled with [**S]Met/Cys show the presence of
Smad5 protein after immunoprecipitation. (C) Dose response of TGF-B-induced Smad?2 versus Smad1/5 phosphorylation. BAECs were stimulated with
different concentrations of TGF-B1 or TGF-B3 for 1 h before lysis, and were fractionated and blotted. The filters were incubated with the PSmad2 and
PSmad1/5 antibodies. The asterisk indicates an aspecific band recognized by the antibody showing equal loading. (D) Kinetics of TGF-B-induced
Smad? versus Smad1/5 phosphorylation. BAECs were stimulated with 5 ng/ml TGF-f1 or TGF-B3 for the indicated time before lysis. After fraction-
ation and blotting, the filters were incubated with PSmad2 and PSmad1/5 antibodies. (E) Kinetics of TGF-B-induced Smad2 phosphorylation versus
TGF-B-induced Smad1/5 phosphorylation, and TGF-$3- versus BMP-induced Smad5 phosphorylation. MEECs were stimulated with 5 ng/ml TGF-31
or 50 ng/ml BMP6 for 1 or 6 h before lysis, fractionated by 6% SDS-PAGE and blotted. The filters were incubated with the PSmad2 and PSmadl
antibodies. As a positive control, COS cell lysate transfected with either Smadl/caALK1 (PS1), Smad2/caALKS (PS2) or Smad5/caALK1 (PSS5) was
used. (F) TGF-B3 efficiently induces Smad5 phosphorylation in endothelial cells, but not in other cell types. BAECs, HepG2 cells, CCL64 cells or
MEECs were stimulated with 5 ng/ml TGF-3 or 50 ng/ml BMP6 for 1 h before lysis, fractionated by 6% SDS-PAGE and blotted. The filters were
incubated with the PSmad2 and PSmad1 antibodies.

ECs. Our results reconcile previously published observa-
tions on inhibitory and stimulatory effects of TGF-B on
blood vessel formation, and suggest that TGF-P regulates
the activation/differentiation state of the endothelium via
two oppositely acting TGF-B type I receptors, ALK1 and
ALKS.

Results

TGF-$ induces Smad2 and Smad5 phosphorylation
in ECs

ALK1 and ALKS5 have been shown to activate Smads
differentially when overexpressed in COS cells (Oh et al.,

1744

2000). In order to examine the activation of endogenous
Smads in non-transfected primary ECs, we developed a
PSmadl antibody that specifically recognizes phosphoryl-
ated Smadl and/or Smad5 (Smadl/5) and a PSmad2
antibody that specifically detects phosphorylated Smad2
(Figure 1A, and Material and methods). Stimulation of
mouse embryonic endothelial cells (MEECs) with TGF-J3
for 1 h resulted in phosphorylation of Smad2 and Smad5.
Using specific Smad antibodies, we found that MEECs
express Smad2 and Smad5, but Smadl could not be
detected (Figure 1A and data not shown). In all primary
ECs studied [bovine aortic endothelial (BAE), bovine
corneal endothelial (BCE), yolk sac (YS) and bovine
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Fig. 2. Differential R-Smad activation by ALK1 and ALKS in ECs. (A) The expression of ALK1 and ALKS was analysed by RT-PCR. The PCR pro-
ducts were loaded on a 1% agarose gel and stained with ethidium bromide. Amplified products of ALKS5, ALK1 and B-actin are indicated on the right
of the figure. (B) To verify the expression of ALK protein, ECs were labelled with [33S]Met/Cys and immunoprecipitated for ALK1 using an ALK1-
specific antibody, in the absence or presence of the cognate peptide to which the antibody was raised. (C) ALK1, ALK5 and TBRII are expressed in
blood vessels in human colon. Immunohistochemistry was performed on cryosections from human colon using antibodies specifically recognizing
ALKI1, ALKS5 or TBRII to determine the presence of these receptors in arteries and veins. As can be seen in the figure, all receptors are expressed in
arterioles and veins albeit at different levels. (D) caALK1 and caALKS5 phosphorylated different R-Smads. BAECs were infected with adenovirus
expressing either caALK1 or caALKS with a m.o.i. of 500. Sixteen hours after infection, the cells were washed. After 30 h, cells were lysed,
fractionated by 6% SDS-PAGE and blotted. The filters were incubated with the PSmad2 and PSmadl antibodies.

microvascular endothelial (BME) cells], TGF-8 was found
to induce Smad1/5 and Smad2/3 phosphorylation (data not
shown). As expected, stimulating ECs with bone morpho-
genetic protein 6 (BMP6) led to the phosphorylation of
Smad5, but not Smad?2 (Figure 1A and data not shown). To
confirm that TGF-f stimulation resulted in Smad5 phos-
phorylation, we carried out orthophosphate labelling of
MEECs in the absence or presence of TGF-B and
immunoprecipitation of cell lysates with Smad5-specific
antibody. Using this independent method, TGF-f§ was
demonstrated to induce a significant increase in Smad5
phosphorylation in MEECs (Figure 1B). The specificity of
the protein recognized by the Smad5 antibody was

demonstrated by less of the phosphorylated band in the
presence of the cognate peptide (Figure 1B). Thus, TGF-3
induces Smad2 and SmadS5 phosphorylation in ECs.

Differential dose response and kinetics of TGF-§-
induced Smad2 versus Smad5 phosphorylation

We examined the effect of different doses on TGF-j3-
induced Smad2 versus Smad5 phosphorylation
(Figure 1C). TGF-B induced substantial Smad2 phos-
phorylation at 0.025 ng/ml and reached a maximum at
0.25 ng/ml, which remained at this level at higher doses. In
contrast, TGF-B-induced Smad5 phosphorylation peaked
at 0.25-0.5 ng/ml and decreased at higher doses. TGF-$1
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Fig. 3. Effect of antisense ALK1 or antisense ALK5 on TGF-B-induced Smad phosphorylation and transcriptional activity. (A) Antisense oligonucleo-
tides (ASOs) target the degradation of ALK transcripts. ASOs or sense oligonucleotides (SOs) were introduced into MEECs by hypo-osmotic shock.
To confirm the specificity of the antisense action, RNA was isolated from treated cells and RT-PCR was performed with primers specific for ALK1,
ALKS5 and B-actin. The amplified product is indicated on the right of the figure. (B) ALK1 and ALK5 ASOs reduce TGF-B-induced Smad phosphoryl-
ation. MEECs were loaded twice with oligonucleotides for 2 days. Subsequently, the cells were starved for 4 h and stimulated with 0.5 ng/ml TGF-3.
After 1 h, cells were lysed, fractionated by 6% SDS-PAGE and blotted. The filters were incubated with PSmad2, PSmadl and actin antibodies as a
loading control. (C) ALKI and ALKS can induce (SBE)4-luc, but only ALKS can activate (CAGA),-luc. MEECs were transfected either with
(SBE)4-luc or (CAGA);,-luc in the absence or presence of caALK1 or caALKS, and luciferase activity was measured. A representative experiment
using triplicate samples, corrected for transfection efficiency, is shown. (D and E) ALK1 or ALK5 ASOs affect TGF-B-induced transcriptional activity.
MEECs loaded with oligonucleotides were transfected with either (SBE)s-luc (D) or (CAGA);,-luc (E), unstimulated or stimulated with 5 ng/ml
TGF-B3, and luciferase activity was measured. A representative experiment using triplicate samples, corrected for transfection efficiency, is shown.

To evaluate whether the TGF-B-induced Smad5 phos-
phorylation is EC specific, we analysed which Smads
become phosphorylated after TGF-3 stimulation in non-
ECs. TGF-B induced Smad2 phosphorylation in all cell
lines examined. However, while BMP6 efficiently phos-
phorylates Smadl/5, only very little phosphorylated
Smad1/5 protein was detectable in the non-ECs challenged
with TGF-B. This is in contrast to BAECs in which TGF-f3
is as potent as BMP6 in stimulating phosphorylation of
Smad1/5 (Figure 1F).

and TGF-B3 induced similar dose-response patterns on
Smad phosphorylation (Figure 1C). We examined the
kinetics of TGF-B-induced Smad2 versus Smad5 phos-
phorylation (Figure 1D). Peak levels for TGF-B-induced
Smad2 and Smad5 phosphorylation were reached after 1 h
and 30 min of stimulation, respectively (Figure 1D).
However, while TGF-B-induced Smad2 phosphorylation
remained stable over time, Smad5 was no longer phos-
phorylated after 90 min of TGF-§ treatment. TGF-B1 and
TGF-B3 induced similar kinetic profiles (Figure 1D).
Thus, TGF-B-induced Smad2 phosphorylation is much

more stable than TGF-B-induced Smad5 phosphorylation
in ECs. Interestingly, in contrast to TGF-, BMP-induced
Smadl/5 remained phosphorylated after 6 h of ligand
stimulation (Figure 1E).
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Differential Smad activation by ALK1 and ALK5

in ECs

One striking difference between ECs and other cell types
is the presence of the EC-specific TGF-f type I receptor
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Fig. 4. ALK1 and ALKS5 have opposing effects on EC migration and proliferation. (A) Chemokinesis assay. Infected endothelial cells were seeded in
the upper chamber of a fibronectin (Fn)-coated transwell. In the lower chamber, culture medium with or without ligand was added. After 6 or 16 h, the
cells that had migrated to the other side of the filter were counted after staining with crystal violet. (B) Opposite effect of ALK1 and ALKS on EC
migration. MEECs infected with the adenovirus indicated were seeded into transwells. After 16 h, the number of transmigrated cells was assessed by
staining with crystal violet. The mean and SD of three replicate wells of a representative experiment is shown. (C) Biphasic dose-response for TGF-3
on migration. MEECs were incubated with different doses of TGF-B3 and used in a transwell migration assay. (D and E) ASOs blocking ALK1-
induced and ALKS-inhibited migration. MEECs were loaded with ALK1 ASOs (D) or ALKS ASOs (E) used in a transwell migration assay in the
absence or presence of 0.25 (D) or 5 (E) ng/ml TGF-B3. (F) Opposite effect of ALK1 and ALK5 on EC proliferation. BAECs were infected with the
adenovirus indicated 30 h before seeding. After 5 days, the cell number per well was counted. The mean and SD of three replicate wells of a

representative experiment is shown.

ALKI1, capable of binding TGF-B in non-transfected ECs
(Oh et al., 2000). Indeed, ALK1 mRNA is only detected in
ECs, whereas ALKS mRNA is present in all cell types
analysed (Figure 2A). In addition, both MEECs and
BAECs express ALK protein (Figure 2B). Moreover, by
performing immunohistochemistry, we detected expres-
sion of ALK1 and ALKS, as well as TBRII in blood vessels
in submucosal areas of human colon (Figure 2C).
Interestingly, expression of ALK1 in the ECs of arterioles
is significantly higher than in venous ECs (Figure 2C,
arrows). ALKS expression in ECs of arterioles is moder-
ately higher compared with veins, and the muscle and

fibroblast layers in arterioles are weakly positive. TBRII is
expressed in the ECs of arteries and veins as well as in the
muscle and fibroblast layer (Figure 2C).

The difference in Smad phosphorylation observed
between ECs and non-ECs might be caused by the
expression of ALKI in ECs, but not in other cell types.
We therefore infected BAECs with adenovirus expressing
either constitutively active (ca)ALK1 or caALKS and
analysed the effect on phosphorylation of Smad1/5 and
Smad2. Whereas TGF-f3 stimulation leads to the phos-
phorylation of both types of R-Smad, caALKI1 phos-
phorylates only Smad1/5, while caALKS results in only
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Smad2 phosphorylation (Figure 2D). These data suggest
that there are two signalling pathways downstream of
TGF-B in ECs, one through ALK5 phosphorylating Smad?2
and the other via ALK leading to Smad1/5 phosphoryl-
ation.

Direct implication of ALK1 and ALK5 in

TGF-$ signalling

To test the direct involvement of ALK1 and ALKS in
TGF-P signalling in ECs, we designed antisense oligo-
nucleotides (ASOs) to interfere selectively with the
expression of either ALK1 or ALKS and analysed their
effect on TGF-B-induced responses in ECs. To show that
indeed the ASOs target the degradation of ALK transcripts
in a specific manner, we analysed the mRNA levels of
ALK1 and ALKS in MEECs treated with ASOs.
Treatment of MEECs with ALK1 or ALK5 ASOs induced
a strong down-regulation of expression levels for ALK1 or
ALKS, respectively. Neither ALKS mRNA nor ALKI
mRNA levels were affected by ASOs of the other receptor
type, and the levels of B-actin mRNA were unaffected
(Figure 3A). The ASO-induced decrease in ALKI and
ALKS transcripts in MEECsS resulted in a reduced capacity
of TGF-B to phosphorylate Smad1/5 and Smad?2 proteins,
respectively (Figure 3B).

We next used these ASOs in a transcriptional response
assay using TGF-B-inducible reporters, (SBE)4-luc (Jonk
et al., 1998) and (CAGA),-luc (Dennler et al., 1998).
Whereas caALKI1 and caALKS5 activated (SBE);-luc,
(CAGA)»-luc was activated by caALKS, but not
caALKI1 (Figure 3C). Both reporters were activated by
TGF-B in MEECs loaded with sense oligonucleotides
(SOs). However, the stimulatory effect on (SBE)4-Iuc was
greatly reduced when the cells were loaded with ALK1
ASO or abolished when the expression of ALKS mRNA
was blocked (Figure 3D). As expected, ALKS ASO, but
not ALK1 ASO, blocked TGF-B-induced (CAGA);,-luc
activity (Figure 3E). These experiments indicate that both
ALK1 and ALKS are involved in TGF-B-induced tran-
scriptional responses, and that ALK1 and ALKS can both
function as TGF-B type I receptors in ECs.

ALK1 and ALK5 have opposing effects on the
activation state of the endothelium

Having demonstrated the presence of two distinct TGF-f3
type I receptor signalling pathways in ECs, we wanted to
elucidate the role of ALK1 and ALKS in blood vessel
formation. EC migration requires tight control during
angiogenesis, and TGF-f is known to affect this response
both positively and negatively (Muller et al., 1987; Sato
and Rifkin, 1989; Yang and Moses, 1990; Basson et al.,
1992; Pepper, 1997). We plated adenovirally infected cells
expressing caALK1 or caALKS on to the upper chamber
of an 8§ um pore size transwell and measured the
transmigration after 16 h (Figure 4A). MEECs expressing
caALKI1 exhibited increased migratory behaviour (2.5-
fold), while the expression of caALKS resulted in a 3-fold
decrease in migration (Figure 4B). This difference in
migratory behaviour was already visible after 6 h of
migration, and addition of TGF-B to only the lower
chamber or on both sides of the well did not change the
outcome, suggesting that TGF-J affects the chemokinetic
properties of the cells (data not shown). Similar effects
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Fig. 5. Id1 is a specific downstream target gene of ALK1. (A) Effect of
ALK1 and ALKS on Idl expression. BAECs were stimulated with
TGF-B3 for 1 h prior to lysis or infected with adenovirus expressing
either caALK1 or caALKS5 with an m.o.i. of 500. After 30 h, cells were
lysed, fractionated by 12.5% SDS-PAGE and blotted. The filter was
incubated with an anti-Id1 antibody. (B) Increased ALKI1 signalling re-
sults in increased Smadl/5 phosphorylation followed by increased Id1
expression. BEACs were infected with an increasing m.o.i. of caALKI.
After 30 h, cells were lysed, fractionated and blotted. The filters were
incubated with a PSmad1/5 and Id1 antibody, as well as an actin anti-
body to show equal loading. (C) Effect of ALK1 and ALKS on an Id1
reporter. MEECs infected with adenoviruses expressing either caALK1
or caALK5 were used in a transcriptional response assay. The cells
were transfected with Idl-luc and stimulated or not with 5 ng/ml
TGF-B3. After 20 h, luciferase activity was measured and values are
corrected for transfection efficiency as measured by B-galactosidase
activity. A representative experiment using triplicate samples is shown.
(D) Id1 ASOs inhibit TGF-B-induced EC migration. MEECs loaded
with Id1 ASOs were used in a transwell migration assay in the absence
or presence of 0.25 ng/ml TGF-B3. To confirm the specificity of the
antisense action, RNA was isolated from treated cells and RT-PCR
was performed with primers specific for Id1 and B-actin.

were observed in infected BAECs in a scratch assay and
analysed by time-lapse microscopy. LacZ-infected cells
had a migration speed of 15 pm/h, caALK1 enhanced the
migration to 21 pum/h, while ALKS signal transduction
greatly inhibited (1.7 um/h) the capacity of the cells to
close the wound (data not shown). To determine whether
the effect TGF-B has on migration is dependent on the
Smad pathway, we infected the MEECs with Smad5 or
Smad3 adenovirus (Figure 4B). ECs infected with Smad5
or Smad3 could mimic the effects observed with caALK1
or caALKS, respectively. Expression of a dominant-
negative form of Smad4, a common intracellular
component necessary for Smad-dependent ALK1 and
ALKS signalling, blocked both the ALKI-induced in-
crease and the ALKS-induced decrease of EC migration.
Together, these results indicate that ALK1 and ALKS
mediate opposite effects on EC migration in a Smad-
dependent manner.

When we examined the dose dependence of the TGF-f3
effect on EC migration, we noted a biphasic dose-response
curve as previously reported (Gajdusek et al., 1993;
Pepper et al., 1993) (Figure 4C). TGF-B was found to
stimulate migration of YS ECs at concentrations from 0.25
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expression of the HA-tagged type I receptors. (B) TGF-f and caALKS5 induce the PAI-1 promoter. MEECs were transfected with p800-luc reporter
and caALK1 or caALKS5, and stimulated or not with 5 ng/ml TGF-B3. After 20 h, luciferase activity was measured and values are corrected for trans-
fection efficiency as measured by P-galactosidase activity. A representative experiment using triplicate samples is shown. (C) ALK5 ASO inhibit
TGF-B3-induced PAI-1 promoter activity. MEECs were transfected with p800-luc reporter, loaded with oligonucleotides and stimulated or not with
5 ng/ml TGF-B3. After 20 h, luciferase activity was measured and values are corrected for transfection efficiency as measured by [B-galactosidase
activity. A representative experiment using triplicate samples is shown. (D) ALKS5 is necessary for PAI-1 induction upon TGF-B stimulation. Wild-
type or ALKS5-deficient MEECs were stimulated with 5 ng/ml TGF-B3 for 6 h. Cells were lysed, fractionated by 7.5% SDS-PAGE and blotted. The
filter was incubated with an anti-PAI-1 antibody that specifically recognizes PAI-1 protein. (E) TGF-f dose response on PAI-1 promoter activation.
MEECs were transfected with p800-luc reporter and stimulated with increasing doses of TGF-B3. After 20 h, luciferase activity was measured and
values are corrected for transfection efficiency as measured by -galactosidase activity. A representative experiment using triplicate samples is shown.

to 0.5 ng/ml, while a higher dose of TGF-J inhibited EC after 5 days by direct counting. caALK1 resulted in a

migration (Figure 4C). The same biphasic response was reproducible increase in cell proliferation, while caALKS
observed in all ECs analysed. Distinct TGF-f responses at resulted in a decrease in proliferation (Figure 4F). Thus,
different thresholds or differential use of TGF-f receptors ALK1 promotes EC proliferation and migration, while
may explain this biphasic dose-response curve. To test ALKS inhibits these responses.

whether ALK1 or ALKS is involved in causing opposite

responses at different TGF-[3 concentrations, we examined Id1 is a specific downstream target gene of ALK1
the effect of ALK1 ASO on migration in the ‘low dose’ in ECs

response range, and the effect of ALK5 ASO on migration The identification of two Opposing TGF_B Signalling
in the ‘hlgh dose’ response range. Consistent with the cascades in ECs led us to investigate the possib]e
notion that distinct TGF-f type I receptors are involved in downstream targets of ALK1 and ALKS, which would
generating the biphasic dose-response curve, we found clarify their opposing function in angiogenesis. BMPs that
that decreased ALKI1 expression or ALKS expression signal via the same Smad proteins as ALKI1, are known
inhibited TGF-B-mediated stimulation or inhibition of to stimulate expression of Id proteins (inhibitors of

migration, respectively (Figure 4D and E). ECs treated differentiation or DNA binding) (Hollnagel et al., 1999;
with ALK1 ASO remained inhibited in migration upon Korchynskyi and ten Dijke, 2002), which act as dominant

challenge with ‘high dose’” TGF-B (data not shown). inhibitors of basic helix—loop-helix (bHLH) transcription

To examine the effect of caALK1 or caALKS on EC factors. Upon stimulation of BAECs with TGF-f, Idl
proliferation, we infected BAECs with ALK-expressing expression was up-regulated robustly (Figure 5A). Infect-
adenoviruses and determined the change in cell number ing BAECs with adenovirus expressing caALKI or
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caALKS revealed that caALKI1 selectively up-regulated
Id1 protein. Furthermore, an increase in adenoviral
caALKI1 infection resulted in increased Smadl/5 phos-
phorylation and Id1 expression (Figure 5B). Consistent
with these findings, TGF-f and caALK1 activated the Id1
promoter luciferase (Id1-luc) reporter, while caALKS
decreased Id1-luc activity compared with control levels
(Figure 5C; Tournay and Benezra, 1996). Id1 has been
reported to enhance migration of certain cells (Lin et al.,
2000). We therefore tested the effect of Id1 ASO on
TGF-B-mediated stimulation of migration. Treatment of
cells with Id1 ASOs, but not Id1 sense oligonucleotides
(SOs), inhibited TGF-B-mediated promotion of EC migra-
tion (Figure 5D). Id1 ASOs were shown specifically to
inhibit Id1 mRNA expression (Figure 5D). This suggests
that Idl is an important downstream effector of ALKI1
in ECs.

PAI-1 is a specific downstream target of ALK5
in ECs
Our data suggest that ALKS is involved in the resolution
phase of angiogenesis. Proteinase inhibitors, such as
plasminogen activator inhibitor (PAI)-1, have an import-
ant function during vessel maturation in preventing
degradation of the provisional ECM around the nascent
vessel. PAI-1 is induced by TGF-p in ECs (Figure 6A;
Sawdey et al., 1989). We therefore analysed the effect of
ALK and ALKS on PAI-1 expression. Ectopic expression
of caALKS5, but not caALK1, resulted in an increase in the
expression of PAI-1 protein in MEECs (Figure 6A). Using
a PAI-1 promoter luciferase reporter, we also found that
TGF-B and caALKS5, but not caALKI, activated this
reporter (Figure 6B). Inhibiting the expression of ALKS by
loading the ECs with ASOs (Figure 6C) abolished the
TGF-B-induced activation of the PAI-1 promoter, showing
that ALKS expression is necessary for PAI-1 induction
upon TGF-f stimulation. This observation was confirmed
when we used ECs isolated from the ALKS knockout
mouse. While wild-type ECs show a clear induction of the
PAI-1 protein upon TGF-J stimulation, no TGF-B-induced
PAI-1 protein could be detected in the ALK5~~ ECs. The
induction of PAI-1 by TGF-B in ECs did not follow a
biphasic response curve. A plateau in the inducibility of
the PAI-1 promoter reporter was reached when the
concentration of TGF-f was increased to 10 ng/ml
(Figure 6E).

The data above suggest that TGF-f signalling via ALKS5
results in deposition of a layer of ECM proteins around the
primitive vessels leading to maturation of the endothelium.

Discussion

In the present study, we show that TGF-B in ECs can
signal via two different type I receptors with opposite
effects (Figure 7). Whereas activation of ALK5 by TGF-3
results in inhibition of migration and proliferation, TGF-j3-
induced ALK activation results in increased migration
and proliferation of ECs. The activation state of the
endothelium may thus be dependent on the balance of
ALK versus ALKS5 activation that is induced by TGF-p.
Our results provide a framework to understand previously
conflicting reports in which pro- and anti-angiogenic
properties were ascribed to TGF-.
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Fig. 7. Schematic figure of the functional role of ALK and ALKS in
ECs. TGF-B regulates the state of the endothelium via a fine balance
between ALKS and ALKI signalling. Activation of ALK5 by TGF-
induces PAI-1 expression and inhibits migration and proliferation,
whereas TGF-B-induced ALK activation induces Id1 expression and
stimulates migration and proliferation. The ratio of TGF-§ signals via

ALK1 versus ALKS will determine whether TGF-$ will have a pro- or
anti-angiogenic effect.

Both ALK1 and ALKS5 are functional TGF- type I
receptors in endothelial cells. This statement is based upon
our following observations: (i) whereas caALK1 induces
Smad1/5 phosphorylation, caALKS induces Smad2 phos-
phorylation in ECs; (ii) caALK1 cannot induce Smad2
phosphorylation, and caALKS does not induce Smadl1/5
phosphorylation, (iii) TGF-f induces phosphorylation of
Smadl/5 and Smad2 in ECs, and these effects can be
blocked upon selective inhibition of ALKl or ALKS5
expression, respectively; (iv) TGF-B only induces Smad1/
5 phosphorylation in ECs as they express ALK, but not in
non-ECs that are ALK deficient; (v) the kinetics and dose
response of TGF-B-induced Smad1/5 phosphorylation are
distinct from TGF-B-induced Smad2 phosphorylation,
suggesting that they may be occurring via distinct kinases;
(vi) caALK1 or caALKS induces or inhibits EC migration,
respectively, and TGF-B-mediated induction or inhibition
of EC migration is blocked by inhibiting ALK1 or ALKS
expression, respectively; and (vii) TGF-B activates the
transcriptional reporters Id-luc and PAI-1-luc, which are
selectively induced by caALKI1 or caALKS5 in ECs,
respectively. Previous reports that TGF-B can bind to
ALK1 and ALKS in ECs (Oh et al., 2000) and that
phenotypes of mice lacking ALK1 (Oh et al., 2000; Urness
et al., 2000) or ALKS5 (Larsson et al., 2001) and TBRII and
Smad5-deficient mice are reminiscent of that of TGF-B1
null mice, which die in utero due to vascular defects
(Goumans and Mummery, 2000) are fully consistent with
our data.

Based upon the enhanced expression of angiogenic
factors, such as vascular endothelial growth factor
(VEGF), and their receptors, in ALK1 knockout mice,
Oh et al. (2000) have proposed that ALKI has an
inhibitory effect on the state of the endothelium. This
contrasts with our findings, which show that ALKI
stimulates migration and proliferation of ECs. The
enhanced expression of angiogenic factors in ALKI-
deficient mice may not be caused by a lack of ALK-1
signalling, but rather by secondary effects due to hypoxia
caused by the altered vascular phenotype.

Previous observations have shown that low doses of
TGF-f3 could promote EC migration, whereas high doses
of TGF-P could inhibit EC migration (Pepper, 1997). Here



we show that each phase of this biphasic dose-response
curve of TGF- on migration may be attributable to a
distinct receptor, with ALK1 stimulating migration and
ALKS inhibiting migration. Consistent with this notion,
we found that TGF-B-induced migration follows the same
trend as TGF-B-induced Smad5 phosphorylation. How-
ever, we do not exclude the possibility that ALKS
activation at a ‘high’ dose of TGF-f affects ALKI
signalling downstream of Smad5 phosphorylation.

We show that the TGF-B/ALKIl-induced migration
occurs, in part, via up-regulation of Id1. Interference with
ALK1 and Idl expression abrogates TGF-B-induced
migration of ECs. TGF-B/ALKI activates the Idl tran-
scriptional reporter (Figure 6C), which is a Smad-
dependent response (Korchynskyi and ten Dijke, 2002).
This is consistent with the finding that the stimulatory
effect of TGF-B/ALK1 on migration is Smad dependent
(Figure 4B). 1d proteins have been described as playing a
central role in the control of mammalian cell growth,
differentiation and tumorigenesis. Down-regulation of Id
is necessary for terminal differentiation in many develop-
mental processes including angiogenesis and tumour
vascularization (Norton, 2000). Id1 has been reported
to enhance proliferation, migration and invasiveness of
mouse mammary ECs (Lin et al., 2000) and there is a
strong correlation between Id1l expression and vascular
invasion of breast cancer (Lin et al., 2000). More
importantly, Id proteins are required for the proliferative
and invasive phenotype of ECs during angiogenesis
(Lyden et al., 1999). Besides mediating the stimulatory
effect of TGF- on migration, Idl may also serve as an
effector for the TGF-B/ALKI1 pathway in mediating the
stimulatory effect on proliferation.

PAI-1 is a potent inhibitor of vascular cell migration
in vitro (Stefansson and Lawrence, 1996) and angiogen-
esis in the chick CAM in vivo (Stefansson et al., 2001).
Since PAI-1 was identified as an ALKS5-specific target,
ALKS signal transduction in ECs contributes to basement
membrane formation, supporting a role for ALKS5/Smad
signalling in maturation of the blood vessel during the
resolution phase.

It will be important to unravel how the expression and
signalling activity of ALK1 and ALKS is regulated since
this, together with particular TGF-B concentrations, is
important for determining whether endothelial cells
become active or quiescent upon exposure to biologically
active TGF-3. One possible candidate for this fine tuning
is the accessory receptor endoglin. Just as we observed by
interfering with the expression of ALKI, inhibition of
endoglin expression was found to counteract the inhibitory
effect of TGF-B on endothelial cell migration (Li er al.,
2000). Ectopic expression of endoglin in cell lines has
been reported to modulate their responses to TGF-3
possibly by favouring signalling via the ALK1 pathway
(Letamendia et al., 1998). Thus, both endoglin and ALK1
are positive signals for angiogenesis and negative regula-
tors of ALKS signalling. This, taken together with the
similar knockout phenotypes in mice and clinical mani-
festations of HHT1 and HHT2, affecting loss of one allele
of endoglin or ALK1, respectively, suggests that endoglin
may potentiate the ALK1/Smad5 pathway. The import-
ance of endoglin in pathogenic angiogenesis is illustrated
by its strongly enhanced expression in ECs that undergo

ALK-1 and ALK-5 in endothelial cell function

neovascularization (Bodey et al., 1998). We currently are
analysing the expression of ALK1 in tumour endothelial
cells and whether possible activation of its downstream
pathway might be involved in TGF-B-induced tumour
angiogenesis.

Materials and methods

Ligands and cells

Recombinant TGF-B1 and TGF-B3 were obtained from Drs N.Ferrara
(Genetech, Inc.) and K.Iwata (OSI Pharmaceuticals), respectively. All
assays were performed with both ligands with essentially the same results.
Recombinant BMP6 was a gift from Dr K.Sampath (Curis, Inc.). MEECs
and YS cells were cultured routinely as previously described (Larsson
et al., 2001). COS-7 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) with 10% fetal calf serum (FCS), L-glutamine and
penicillin/streptomycin. Primary BAECs were cultured in low-glucose
DMEM (Gibco-BRL) with 10% calf serum, L-glutamine and antibiotics,
and grown in a 10% CO,-containing atmosphere.

RNA isolation and RT-PCR

Total RNA was isolated using RNeasy columns (Qiagen) according to the
manufacturer’s instructions. RT-PCRs were performed as described by
Goumans et al. (1999). The PCRs were performed using a PTC-200
Peltier thermal cycler (MJ Research). The PCR primers used have been
described previously (Goumans et al., 1999; Rosendahl et al., 2001).

Metabolic labelling and [F?PJorthophosphate labelling of
ECs, and SDS-PAGE

ECs were metabolically labelled and immunoprecipitated, or
[*?Plorthophosphate labelled as described by Nakao et al. (1997). Cell
extracts were subjected to immunoprecipitation with anti-ALK1 (ten
Dijke et al., 1994) or anti-Smad5 antibody (Tamaki et al., 1998) and
separated by SDS-PAGE. The gels were fixed, dried and autoradiography
was performed.

Tissue collection and immunohistochemistry
Tissue collection and immunohistochemistry were performed as
described by Rosendahl et al. (2001).

Adenoviral infection of ECs

ECs were infected with adenovirus expressing LacZ, caALK1 or caALKS
using a multiplicity of infection (m.o.i.) of 500. After 16 h, the cells were
washed and allowed to recover for 24 h prior to use in the indicated
assays.

Western blot analysis

Western blot analysis was performed as described by Larsson et al.
(2001). PSmadl and PSmad2 antibodies specifically recognize phos-
phorylated Smad1/5 or phosphorylated Smad2 in transfected COS cells
(Persson et al., 1998) and non-transfected ECs (Figure 1A). Recognition
of phosphorylated Smad2 by PSmad2 antibody can be blocked by pre-
incubating this antibody with cognate phosphorylated Smad?2 peptide, but
not with equivalent non-phosphorylated Smad2 peptide or phosphoryl-
ated Smadl peptide. Recognition of phosphorylated Smadl by PSmadl
antibody could be blocked by cognate phosphorylated Smad1 peptide, but
not with equivalent non-phosphorylated Smadl peptide or phosphoryl-
ated Smad?2 peptide (Figure 1 and data not shown). Primary antibodies
against Smadl, Smad2 (Nakao et al., 1997), Smad5 (Tamaki et al., 1998),
Id1 (Santa Cruz) and PAI-1 (Santa Cruz) have been described previously.
Detection was performed by enhanced chemoluminescence (ECL).

Transient transfections and transcriptional reporter assays
MEECs were transfected with 0.5 nug of (CAGA);,-luc (Dennler et al.,
1998), 0.5 ug of (SBE)s-luc (Jonk et al., 1998), 0.5 pg of Idl-luc
(Tournay and Benezra, 1996) or 0.5 ug of p800-luc, in the absence or
presence of an expression plasmid encoding caALKS or caALKI1. The
assay was performed as described by Larsson ef al. (2001).

EC proliferation assay

ECs were seeded in DMEM containing 1% serum at a density of 2 X 10*
cells per 24-well plate. The next day, TGF-B was added at 2.5 ng/ml.
After 5 days, cells were trypsinized and cell number per well was counted
using a Casy-1 cell counter (Schifer Systems).
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EC migration assay

Migration (chemokinesis) was measured using a Boyden chamber. A
Coster nucleopore filter (8 um pore) was coated with fibronectin
overnight at 4°C. The chamber was washed with phosphate-buffered
saline (PBS) and the lower chamber was filled with DMEM with or
without serum and with or without TGF-B3. Cells were trypsinized and
suspended at a final concentration of 50 000 cells/ml in DMEM. A 150 pl
aliquot of the cell suspension was added to the upper chamber and
incubated at 37°C. After 16 h, the cells were washed and the upper surface
was wiped to remove the non-migrating cells. The membranes were fixed
in methanol, washed with water, stained and the numbers of cells present
on the lower surface were counted.

Scratch assay

Adenoviral infected BAECs were grown to confluence, after which an
~100 wum scratch was made. Closure of the wound was followed by time-
lapse microscopy with a 15 min interval for 16 h.

EC loading of oligonucleotides

The following sequence-specific S-oligonucleotides were used: ALKI1
SO, 5- TGGGTAGAGGGAGTGAAG-3"; ALK1 ASO, 5-CTTCACTC-
CCTCTACCCA-3"; ALKS SO: 5-GCGGCGGGACCATGGAGGCGG-
3’; ALK5 ASO, 5-CGCCGCCCTGGTACCTCCGCC-3;1d1 SO, 5’-GT-
AGAGAAATGGGAACGC-3"; and Id1 ASO, 5-GCGTTCCCATTTCT-
CTAC-3". MEECs were loaded with oligonucleotides using Influx
pinocytic cell-loading reagent according to the manufacturer’s proced-
ures (Molecular Probes). After loading, the cells were allowed to recover
for at least 10 min before being used.
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